The use of appropriate hydrological models with real-time satellite rainfall estimates can help mitigate flood damage, provide support to contingency planning, and provide warning to people threatened by floods. In this study, the simulated streamflow from the Geospatial Stream Flow Model (GeoSFM) using NOAA Climate Prediction Centre Rainfall Estimates Version 2.0 (RFE) data was compared with observed streamflow in the Bagmati basin. The model showed poor performance when forced with 2002 monsoon RFE. However, the simulated streamflow showed a significant improvement when using improved RFE by incorporating local rain gauge data into the rainfall estimate. Simulated streamflow was much closer to the observed discharge, with a Nash-Sutcliffe efficiency coefficient of 0.91, flow ratio of 1.1, and coefficient of determination of 0.92. Thus, improved RFE can be considered for use in flood prediction. A flood hazard map prepared using the extreme rainfall event showed an inundation area of 315 km 2 , 8.4% of the basin.
Introduction
In recent years, the frequency of flooding events in Nepal has risen, which is attributed to the impacts of climate change. The floods result in great loss of life and property every year (DWIDP, 2005) . While the mountainous areas of Nepal are more prone to landslides, flooding is more common in the southern plains of the Terai, in valleys, and along river courses.
Advances in science and technology have increased the possibilities for anticipating, and to some extent mitigating, the effects of flood hazards. Flood early warning systems are one of the most effective means of minimising loss of life and property, but accurate rainfall estimation is essential for timely flood forecasting and warning. In Nepal, the network of hydrometeorological stations is sparse ( Figure 1 ) and rainfall data are only available after a significant delay. Due to Nepal's limited spatial coverage of ground-based gauges, lack of real-time rainfall data, and limited technical and financial resources, operational flood forecasting has yet to be initiated. With the advent of satellite technology, regional and global satellite-based rainfall products with high temporal and spatial resolution have opened up a new window for hydrological applications in data sparse basins. The regional satellite data that are now available offer an effective and economic alternative for calculating areal rainfall estimates in sparsely gauged areas and may be one of the best approaches for predicting rainfall-induced runoff that can result in flooding in Nepal (Shrestha et al., 2008) . Islam et al. (2010) compared Tropical Rainfall Measuring Mission (TRMM) product with the observed rainfall data on a daily basis and found that the trend with TRMM was similar to the trend with observed rainfall, but the actual rainfall was generally underestimated on most days, although also overestimated on a few days. TRMM showed a high false alarm ratio. Duncan and Biggs (2012) assessed the seasonal accuracy of satellite-derived precipitation estimates (TRMM-3B42) over Nepal and showed that the satellite rainfall estimate underperformed in estimating extreme rainfall events and did not detect rainy days well. Similarly, Krakauer et al. (2013) evaluated four satellite rainfall products [TRMM, Global Satellite Mapping of Precipitation (GSMaP), Climate Prediction Center Morphing Technique (CMORPH), and Precipitation Estimation from Remotely Sensed Information Using Artificial Neural Networks (PERSIANN)] over mountainous regions in Nepal against ground observation stations on a monthly basis. Compared with the observed stations, TRMM performed better than the other products with Nash-Sutcliffe efficiency coefficient (NSEC; 0.49). Yilmaz et al. (2005) compared the mean areal precipitation from rain gauge data, radar, and satellite rainfall estimates for hydrological forecasting and considered that these products had potential for use in hydrological forecasting and water management even though they contain errors. Su et al. (2008) evaluated the satellite rainfall product TRMM Multi-satellite Precipitation Analysis (TMPA) for use in hydrological prediction in the La Plata Basin. It agreed well with the gridded gauge data on a monthly basis but very much underestimated on a daily timescale. TMPA also tends to overestimate high rain rates in comparison with gridded gauge estimates. When the hydrological model was driven by TMPA, it showed a good ability to capture daily flood events and to represent low flows, even though peak flows were overestimated. Nikolopoulos et al. (2010) showed that the spatial resolution of satellite rainfall products plays an important role in the hydrological model simulation. Highresolution products performed much better in terms of bias in a small basin, but the spatial resolution of the satellite rainfall product did not play a significant role in a larger basin. Bitew and Gebremichael (2010) evaluated the two high-resolution satellite rainfall products CMORPH and PERSIANN over complex terrain in a humid tropical region of Ethiopia during the summer monsoon. Both satellite rainfall products underestimated heavy events by 50%, indicating the need for caution when using satellite rainfall products as an input for flood forecasting. Bitew and Gebremichael (2011) explored the application of the satellite-based rainfall products CMORPH, TMPA 3B42RT, TMPA 3B42, and PERSIANN for streamflow simulation in the Gilgel Abay watershed of the Ethiopian highlands, using the Soil and Water Assessment Tool (SWAT) hydrological model. Their findings showed that satellite rainfall products underestimate the large flood peaks. The poor performance of hydrological models using satellite rainfall estimates has been studied by various researchers. There is general agreement that high-resolution satellite rainfall estimates need to be corrected before being entered into an operational hydrological model (Thiemig et al., 2013; Shrestha et al., 2008 Shrestha et al., , 2011 Bitew et al. 2011; Artan et al., 2007b; Harris et al., 2007) and just launched global precipitation mission; future planned satellite missions make satellite rainfall estimates potentially useful for hydrological applications .
In a current validation, modified National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center -Rainfall Estimates Version 2.0 (RFE) showed the best correspondence with observed rainfall and was the best product over the Brahmaputra basin, followed by TRMM, CMORPH, RFE, and GSMaP (Thiemig et al., 2013 and Bajracharya et al., 2014) . The potential of modified RFE has been shown in a catchment (the Narayani river basin) where it was found to be suitable for use in hydrological applications (Shrestha et al., 2011) .
The Bagmati basin, located in central Nepal, is extremely prone to flooding. Between 2000 and 2004, 72 people were killed, more than 17 000 families were affected, and property damage amounted to more than USD 1.5 million (DWIDP, 2005) . The recent increase in frequency of extreme events in Nepal indicates the likelihood of even more extreme flood events occurring in the future. Population increase and growing human encroachment on at-risk areas near river banks mean that the risk is also increasing. It is essential to reduce risk and vulnerability to avoid a future disaster. Developing a flood hazard map and an early warning system for the Bagmati basin, as well as other vulnerable areas in Nepal, is thus a matter of urgency.
The Bagmati basin was selected to test the applicability of a model for flow prediction and for flood hazard mapping using improved RFE data. These findings extend previous results published in this journal (Shrestha et al., 2008) , which indicated that such a model could be useful. However, there was poor agreement between observed and RFE simulated flows and the RFE required improvement before they could be used for operational flood forecasting. Rainfallrunoff modelling was performed using the United States Geological Survey (USGS) Geospatial Stream Flow Model (GeoSFM). The RFE is a regional product, and it was thought that local correction based upon rain gauge data might improve the estimates (Immerzeel and Droogers, 2008; Pan et al., 2008; Shrestha et al., 2008; Stisen and Sandholt, 2010) . The present study describes the results of modelling using a modified version of RFE prepared at the International Centre for Integrated Mountain Development (ICIMOD) by blending ground-measured rainfall with satellite-based estimates. The model simulated streamflow was compared with the observed data using both the original version of the RFE and the improved data. A flood hazard map was also prepared using a simulation of the model with modified RFE.
Data and methods
The main steps in the approach were (a) preparation of modified RFE; (b) validation of RFE and modified RFE with observed rain gauge data at daily time scales; (c) calibration of GeoSFM using daily RFE data from 2002 to 2004; (d) validation of GeoSFM using daily 2005 RFE data; (e) running of GeoSFM for 2002, using the RFE and modified RFE to give simulated streamflow, and comparison with observed streamflow; and (f) forcing GeoSFM with the extreme rainfall of 22 July 2002 to prepare a flood hazard map.
Study area
The study area lies in central Nepal and is dominated by monsoon rainfall (from June to September), with 1500 mm out of the 1800 mm annual average precipitation falling during the monsoon. Climatically, the basin can be divided into three regions: tropical, warm temperate, and cool temperate. It has been classified into three physiographic regions (the Terai, Siwaliks, and Mahabharat range; Figure 1 ). The area is free of snow and glaciers; thus, the river is not fed by perpetual snow and ice. The Bagmati drains some of the most heavily populated areas in Nepal, and a number of settlements along both banks of the river are usually flooded during the monsoon season.
High-resolution satellite rainfall products
Rainfall data are the most essential input and driving factor in the design of any hydrological model. Two highresolution satellite rainfall products were used in this study: RFE and modified RFE.
RFE
NOAA Version 2.0 RFE estimates were used in this study. The RFE uses (a) daily Global Telecommunication System (GTS) rain gauge data in South Asia; (b) GOES Precipitation Index (GPI) inferred from infrared data from a geostationary satellite; (c) estimates derived from microwave observations by Advanced Microwave Sounding Unit (AMSU); and (d) estimates derived from microwave observations by Special Sensor Microwave/Imager (SSM/I). AMSU and SSM/I are more physically based (scattering effects of raindrops or ice particles). The merging technique of the RFE significantly reduces bias and random error in the product (Xie et al., 2002) . RFE product data are available from NOAA on daily binary files (ftp://ftp.cpc.ncep.noaa.gov/fews/ S.Asia/data/) at a spatial resolution of 0.1°and temporal resolution of 24 h.
The present RFE algorithm does not account for the orographic warm rain process (Dinku et al., 2010) . Nepal as a mountainous region poses unique challenges to satellite rainfall retrieval from both thermal infrared (TIR) and passive microwave (PM) observations. The challenges to TIR rainfall retrieval come mainly from warm orographic rain and its indirect observation in nature (link between cloudtop temperature and precipitation) displays significant bias over land. Most TIR algorithms use cloud-top temperature thresholds (235 K) to discriminate between raining and non-raining clouds. However, these thresholds are usually too low for relatively warm orographic clouds, resulting in underestimation. The rainfall signal for overland PM rainfall retrieval comes mainly from ice scattering aloft. However, orographic clouds may produce heavy rainfall without much ice aloft, and this may result in underestimation of surface rainfall. The other challenges to PM are incomplete spatial coverage, large error due to the limited sampling, and also rain retrieval algorithms come from cloud surfaces and ice cover over mountain tops. These cloud surfaces can be misidentified as raining cloud. RFE had a positive bias with overestimation of rainfall in the rain shadow areas of the trans-Himalaya, whereas GSMaP, TRMM, and CMORPH underestimated the rainfall amount in these areas (Bajracharya et al., 2014) .
Preparation of modified RFE
The merging algorithm of RFE defines the analysis of daily precipitation in two steps. Firstly, to reduce the random error inherent in the individual data sources, the three kinds of satellite data (GPI cloud-top IR, SSM/I, AMSU) are combined linearly through the maximum likelihood estimation method, in which the weighing coefficients are inversely proportional to the individual error variance. This provides the shape of precipitation. Since the shape of precipitation contains bias passed through from original inputs, a second step is introduced to remove the bias by blending the shape of precipitation with the gauge data using the method of Reynolds (1988) . In this blending process, the gauge data are used to define the magnitude of the precipitation field (Xie and Arkin, 1996) . Thiemig et al. (2013) used factor correction and histogram equalisation bias correct methods to correct bias in satellite rainfall estimates. However, different researchers use different approaches for bias correction of satellite rainfall estimates, e.g. mean bias correction, ratio bias, regression equation, distribution transformation, and spatial bias.
Currently, the operational RFE algorithm uses less than 500 rain gauge stations from GTS networks for the Asian region (Xie et al., 2002 ; http://www.cpc.ncep.noaa.gov/ products/fews/RFE2.0_tech.pdf). The data limitation means that the satellite products tend to underestimate rainfall amounts, especially where there is orographic enhancement. An improved version of RFE was developed at ICIMOD by blending 176 local station rainfall data from the whole of Nepal in the RFE, including 60 stations in the Terai, 54 in the Siwaliks, 53 in the Mahabharat range, and 9 above the Mahabharat range (Figure 1 ). These provided 24-h accumulated rainfall data. For blending, detailed information about each local gauge station (name, latitude, longitude, elevation, and others) was added to a master NOAA GTS rain gauge file to calculate the gauge-to-gauge distances and update the number of new local stations in the master file. Finally, the program was run to blend the daily precipitation data from local stations for final precipitation estimates. The final precipitation estimates retain the station's rain gauge value, while as distance from a station increases, the estimates rely more heavily upon satellite-derived precipitation. This indicates that the spatial pattern of the RFE does not change, only the magnitude. If short-term convective rainfall events that were not well observed by the RFE were measured at a particular station, this would be included in the modified RFE. This improved RFE (final precipitation estimates) is called modified RFE. The reader is referred to the RFE training manual (NOAA, 2008) for more details of these methods. Over the rugged topography of Nepal, satellite rainfall products that incorporate gauge data performed better than products that only used remotely sensed data (Bajracharya et al., 2014) . The effect of additional local gauges on the quality of the products was clear (Figure 2a and b).
GeoSFM hydrological model
The GeoSFM is a physically based semi-distributed hydrological model developed by the USGS Earth Resources Observation and Science Centre Asante et al., 2007a) . It was developed to simulate daily streamflow and soil-water conditions over wide areas using widely available global remotely sensed data sets and ground observation. The GeoSFM uses spatially distributed terrain, soil, and land cover data sets for model parameterisation. It also includes hydrological routine algorithms for data preprocessing, post-processing, and time series manipulation. The data processing system handles the acquisition, transformation, and staging of data sets required for initial model parameterisation and for daily model simulations (for more details, see GeoSFM technical manual document; Asante et al., 2007a) .
In this study, we used a 30 m digital elevation model (DEM) resample from SRTM 90m (Shuttle Radar Topography Mission 90m resolution, http://srtm.csi.cgiar.org/) to determine the hydrological connectivity, watershed delineation, and others; land cover information from the USGS global land cover characteristics database (source: http:// glcfapp.glcf.umd.edu/data/landcover/); soil information from the Food and Agriculture Organization (FAO) digital soil map of the world; potential evapotranspiration information from the Global Data Assimilation System (http:// earlywarning.usgs.gov/fews/downloads/); and discharge data and observed rain gauge data from Nepal's Department of Hydrology and Meteorology (DHM). GeoSFM's built-in automatic watershed delineation tool was used to preprocess the DEM data and define a threshold number of pixels (area) for sub-watersheds. The Bagmati basin was divided into a maximum number of sub-watersheds (592) to achieve optimum results.
Validation of satellite rainfall product
The accuracy of operational hydrological models relies primarily upon good rainfall data input in terms of temporal resolution, spatial resolution, and accuracy. The main purposes of the present analysis were to validate the RFE and modified RFE, determine their operational viability, and assess their accuracy and expected error characteristics. Visual verification, continuous statistics, and categorical statistics were used to compare the satellite rainfall estimates with local rain gauge measurements (Ebert, 2007) .
The results with RFE showed a high negative bias, high mean absolute error (MAE), and high root mean square value. In other words, the RFE product estimated a lower quantity of rainfall than gauged average rainfall. This is consistent with the findings of Shrestha et al. (2008) , Bajracharya et al. (2010) , and Dinku et al. (2007) which suggested that satellite-based precipitation data underestimate heavy precipitation. Similarly, when modified RFE was validated with observed gridded rainfall data, it showed a lower root mean square value, MAE, percentage error, and higher correlation and positive bias than RFE. The results of the validation are shown in Figure 3 and the daily error statistics of satellite products in Table 1 .
Sensitivity, model calibration, and validation
Significant improvements in model streamflow simulations were obtained by Bitew et al. (2011) when the model was calibrated with satellite rainfall estimates rather than with rain gauge data. In our study, the GeoSFM was calibrated with RFE data from 2002 to 2004. A parameter calibration module built within the GeoSFM includes a model calibration routine as well as a sensitivity analysis routine. The sensitivity analysis routine is used to determine which of the 20 available parameters (e.g. soil water-holding capacity, hydraulic conductivity, soil depth, curve number, river loss coefficients, and pan coefficient) are to be adjusted during the calibration process, significantly reducing the time required for calibration. A trial-and-error process was used to manually calibrate the model.
Seven parameters showed sensitivity in this analysis: soil water-holding capacity; total soil depth; base flow; soil conservation service runoff curve number; rainfall calculation; fraction of the river lost in the flood plain; and saturated hydraulic conductivity. These parameters were adjusted manually during the model run and then validated with the RFE data from 2005. The reader is referred to the Users Manual for the Geospatial Stream Flow Model for more details of these methods.
Performance statistics
Performance was evaluated using visual inspection of simulated streamflow and statistical comparison of observed streamflow and simulated streamflow on a daily timescale. The statistical comparison was performed using the NSEC (Nash and Sutcliffe, 1970) , flow ratio, and coefficient of determination as shown below. Adding an extra year to the calibration period slightly increased the NSEC from 0.23 to 0.32 and the coefficient of determination from 0.35 to 0.39 (Shrestha et al., 2008) . This indicated that increasing the time for calibration would increase the performance of the model. However, the RFE and daily discharge time series were too short (the available data were for less than 10 years) to fully calibrate a continuous hydrological model.
The GeoSFM was then run using the RFE data from 2005 with the parameters from the calibration period. The simulation based upon the RFE deteriorated because of the large underestimation of rainfall in 2005. The performance of the validation period was not satisfactory, and the NSEC (0.03) and coefficient of determination (0.07) were very poor ( Figure 5 ). Note: Bold indicates best value between two products. FAR, false alarm ratio; MAE, mean absolute error; Mbias, multiplicative bias; POD, probability of detection; r, correlation coefficient; RFE, rainfall estimate; RMSE, root mean square error.
The GeoSFM considerably underestimated the peak flow during the validation period compared with the observed discharge. This might be the result of a large underestimation of rainfall by the RFE, the use of global data sets for the relatively small basin, or the short model spin-up time for initial soil moisture condition. The results are similar to those reported by Bitew and Gebremichael (2011) in a small mountainous watershed in Ethiopia and Thiemig et al. (2013) in Volta and BaroAkobo basin.
Results of modified RFE rainfall in 2002
A simulated hydrograph was prepared using the modified RFE data from 2002. Rainfall in this year was above the normal monsoon year. The hydrograph compared well with observed flows and showed good results compared with the original RFE (Figure 6a ). The modified RFE data nearly matched the actual measurements of peak river discharge and followed the same trends as the observed values. The NSEC (0.83) and coefficient of determination (0.86) indicate a good fit between observed and simulated flows.
This study was mainly concerned with flood prediction, and the focus of the analysis was on the monsoon period. A simulated hydrograph was prepared using the 2002 modified RFE data. It compared well with observed flows and showed good results compared with the original RFE (Figure 6a ). The modified RFE data nearly matched the actual measurements of peak river discharge during floods and followed the same trends as the observed values. The high NSEC (0.91) and coefficient of determination (0.92) indicate a good fit between observed and simulated flows when focused on the monsoon period, although the lower discharges still need further refinement. The results of the analysis are similar to the findings of Shrestha et al. (2008) when the stream gauge was forced by observed gridded rainfall and show that the observed gridded rainfall data and modified RFE are similar ( Table 2 ). The discrepancy in the lower discharges could be due to having less model spin-up time for initial soil moisture. It could also be due to the use of global data sets for the relatively small basin. The modified RFE had a slightly positive average bias during the initial stage of the model run (1.02 mm/day) and overestimated the basin average rainfall (Figure 6b) . As a result, the streamflow ratio was 1.1. The good correlation and performance of the model using modified RFE data are consistent with the findings of previous studies in the Narayani river basin (Shrestha et al., 2011) . The excellent match at the peaks between simulated and observed flows indicates that the model using modified RFE is an effective tool for predicting floods and results of the analysis are similar to the findings of Thiemig et al. (2013) .
Flood hazard map prepared with GeoSFM
The most effective way to communicate flood hazard information is through a flood hazard map. Such maps identify zones of inundation relative to population, settlements, and infrastructure, and preparation is a basic step in the mitigation of flood risk. Increasing awareness among communities of flood hazards and training community members in dis- (Shrestha et al., 2008) 5210 0.91 0.9 1.1 aster management are equally important. The inclusion in the map of information useful during disasters, such as proposed rescue routes, disaster service centres, and shelters, is another important aspect of hazard mapping. GeoSFM includes a tool for computing a variety of flow statistics including the median streamflow, flow percentile, stream high flow, and maximum streamflow value for each catchment. In this study, a flood map showing the inundation area was prepared using flow percentile. The 33rd percentile flow was identified as the criterion for differentiating between low and normal flow in the analysis period, while the 66th percentile flow was the minimum threshold for separating normal flow and high flow Asante et al., 2007a) . These threshold flows were defined in the river statistical text file in the program from historical flows between 1979 and 2005 on the basis of low, normal, and high flow within the Bagmati basin. The flood map was prepared using the 22 July 2002 rainfall scenario ( Figure 6b) ; this was one of the most devastating events in the basin between 2000 and 2013 in terms of human casualties.
The model was forced using the modified RFE product. The inundation area was 315 km 2 , or 8.4% of the total basin, and was mostly in the Terai portion (Figure 7) . The modelled inundation affected 14 719 households and 85 576 people in 17 village development committee communities (CBS, 2001) . The findings of the current study are consistent with the findings of a study carried out by the Department of Water Induced Disaster Prevention (a Nepalese government organisation) in the Bagmati basin using the Hydrologic Engineering Centers River Analysis System (HEC-RAS), in which about 10.8% of the total basin was identified as within a high flood zone (DWIDP, 2005) . In the present scenario, with increased population, the adverse impacts of a flood event would be even worse. This preliminary assessment of the spatial extent of the flood hazard is based upon a desk study and computer simulation, and the results still need to be verified in the field, which was beyond the scope of the current study.
The results show that if there is a good level of household data (number of households, population in the at-risk area, and so on), the potential flood risk can be predicted in advance. GeoSFM is a good tool for carrying out rapid preliminary flood hazard mapping and assessment of the spatial extent of the flood hazard. Maps prepared using these data can be used in flood preparedness planning, floodplain management, floodplain zoning, and to restrict construction in flood-risk areas.
Conclusions and suggestions
High-resolution satellite rainfall products are an important source of rainfall data, especially in regions where groundbased measurements are sparse. The main purpose of this study was to assess the performance of satellite rainfall estimates as an input into a hydrological model for daily streamflow simulation and preparation of a flood hazard map in the Bagmati basin in Nepal. The modified RFE was prepared by blending ground-measured rainfall with satellite-based rainfall estimates. It showed good daily error statistics compared with unmodified RFE with a significant decrease in bias, root mean square error, and MAE, and big increase in correlation coefficient and skill. NOAA RFE and modified RFE rainfall products were used in the GeoSFM model to simulate flows. The GeoSFM, a semi-distributed hydrological model, was calibrated and validated with RFE data. Comparison with GeoSFM applications in other regions of the world and other models tested in the Bagmati basin showed clearly that the utility of satellite rainfall products as an input to GeoSFM for daily streamflow simulation strongly depends upon the product type. The unmodified RFE product was capable of detecting particular rainfall events within the Bagmati basin, but the magnitude of rainfall estimated was much lower than the locally gauged rainfall. This leads to an underestimation of simulated flows when the RFE data set is used in the hydrological model. In contrast, the simulated results using the modified RFE data set matched well with observed discharge in terms of timing and magnitude of streamflow in the basin. The NSEC increased from 0.45 to 0.91 and the coefficient of determination from 0.49 to 0.92. Thus, the modified RFE product has potential for use in hydrological applications to generate flood warnings. The main suggestions are: 1. GeoSFM is a good tool for rapid preliminary flood hazard mapping and preliminary assessment of the spatial extent of a flood hazard, which can be communicated to disaster managers and relief officers. The model output flood hazard map prepared in this study should be verified on the ground through consultation with local people along the river and in areas of influence. 2. GeoSFM was designed to run operationally using widely available remotely sensed data sets and ground observation. The web version of GeoSFM was implemented in southern Africa as part of the Southern Africa Flood and Drought Network. The present study recommends exploring its use for web-based flood forecasting in the Bagmati basin using real-time rainfall data to force the model. 3. The type of study described here should be extended to other ungauged basins for a more thorough product validation to assess the quality of the modified RFE.
